Introduction
The CaO-Al 2 O 3 system inclusion is generally formed by Ca addition or slag entrapment in Al-killed steel. Because of its low melting point, this type of inclusion is generally less harmful than Al 2 O 3 . However, when CaS is precipitated on this inclusion, it can cause pitting corrosion in ferritic stainless steel.
The formation of CaS around CaO-Al 2 O 3 oxides was observed in Ca added steel. Karino et al. 1) analyzed the relationship between oxide composition and Ca content in the precipitated sulfide and concluded that CaS precipitated after the formation of the oxide. Takenouchi et al. 2) measured the solubility of CaS in liquid CaO-Al 2 O 3 at various temperatures and determined that the formation mechanism of CaS involved the precipitation from the liquid oxide by the decreased solubility of CaS at lower temperature.
On the other hand, in ferritic stainless steel, in some cases, CaS was observed without Ca addition. Kinoshita et al. 3) and Yano et al. 4) found that the origin of pitting corrosion was the precipitation of CaS and with increasing [Al] content, the degree of corrosion deteriorated despite the improvement of cleanliness. In addition, the authors showed that CaS was formed by the reaction of 2[Al] + 3[S] + 3(CaO) = (Al 2 O 3 ) + 3CaS. Kitamura et al. 5) observed CaS in ultra-low sulfur cold-rolled steel, where CaS was never observed in the molten steel or slab. The
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Many studies have focused on the solubility of CaS in liquid CaO-Al 2 O 3 system. The liquid composition saturated with CaS from 1 698 K to 1 899 K have been clarified, 2, [6] [7] [8] [9] [10] [11] [12] and the thermodynamic modeling method has been established. 12) The sulphide capacity of molten CaO-Al 2 O 3 oxide has also been well measured. [6] [7] [8] [9] [13] [14] [15] [16] [17] However, the solubility of sulfur in the solid oxide of CaO-Al 2 O 3 system remains unknown. It is well known that the CaO-Al 2 O 3 binary system forms various stoichiometric compounds depending on the composition in solid state. To clarify the mechanism of CaS formation, the solubility of CaS in the solid oxide of the CaO-Al 2 O 3 system is important. In this study, the solubility of sulfur in various compounds of the CaO-Al 2 O 3 system was determined in the temperature range 1 173 to 1 573 K.
Experimental
First, CaO-Al 2 O 3 -CaS samples with various compositions were prepared. Reagent-grade CaCO 3 , Al 2 O 3 , and CaS were used, and CaO was produced by calcining CaCO 3 at 1 423 K for 24 h or longer. The reagents were mixed to the target composition and loaded in a vertical furnace using an Al 2 O 3 or Pt crucible. After melting at 1 723 K for 30 min under an Ar atmosphere, the crucible was removed from the furnace and quenched using He gas blowing. Because CaS was partially evaporated during melting, the sulfur content of the sample was analyzed using the combustion method and the CaS content in the sample was calculated. The contents of CaO and Al 2 O 3 were calculated assuming that their mass ratio was equal to the mixing ratio. Table 1 lists the sample compositions.
The samples were heated at 1 173-1 573 K and monitored by confocal scanning laser microscopy (CSLM). The prepared samples were crashed into a powder with particles smaller than 50 μm, which was then used to form a 1 mm thick tablet approximately 6 mm in diameter. The formed tablet was inserted into the CSLM using a Pt crucible and heated under high purity Ar gas which passed through the glass tube with Mg power to eliminate residual oxygen.
The sample was heated at 473 K initially and kept for 2 min to eliminate moisture and subsequently heated to 1 573 K at rate of 100 K/min, followed by heating to 1 823 K at 30 K/min. The melting of the sample was identified by observation of its surface and when melting was detected, the sample was cooled to the holding temperature immediately and maintained for 10 min or 1 h. In some cases, the sample was quenched after melting. The cooling rate was approximately 100-150 K/s and the heating profile is shown in Fig. 1 . After heating, the samples were quenched and their cross sections were observed by electron prove micro analyzer (EPMA).
Results
Typical mineralogical structures after heating for 1 h at 1 473 K of samples HS-2 and 3 are shown in Figs. 2 and 3, respectively. In Fig. 2 , the 12CaO·7Al 2 O 3 , CaO·Al 2 O 3 , CaO·2Al 2 O 3 , and CaS phases are shown. In Fig. 3 , the 12CaO·7Al 2 O 3 , 3CaO·Al 2 O 3 , and CaS phases were observed. The observed phases corresponded well with the equilibrium phase at the respective temperatures and the observation of CaS indicated that the sample compositions were saturated with CaS. The sulfur content of 12CaO·7Al 2 O 3 was approximately 1.3 mass%, significantly higher than those of CaO·Al 2 O 3 and 3CaO·Al 2 O 3 . Figure 4 shows the mineralogical structures after heating for 1 h at 1 473 K for sample LS-1. In this case, the 12CaO·7Al 2 O 3 and CaO·Al 2 O 3 phases were observed but CaS was absent and the sulfur content of 12CaO·7Al 2 O 3 was approximately one-half that observed in Figs. 2 and 3 . In this sample, as the precipitation of CaS was not observed, it is likely that the oxide was not saturated with CaS.
In Figs. 5 and 6 , the influence of the holding temperature on the sulfur content in each phase is shown for samples rich in CaO (HS-3) and Al 2 O 3 (HS-1 and 2), respectively. It is clear that the sulfur content of 12CaO·7Al 2 O 3 was significantly higher than those observed in the other calcium-aluminate phases regardless of holding temperature. Figure 7 shows the influence of holding time at 1 473 K on the sulfur content in each phase. The sulfur content in the 12CaO·7Al 2 O 3 phase gradually increased with increasing holding time, but even though the oxide quenched from 1 823 K, the sulfur content was approximately 0.9 mass%.
As shown in Fig. 8 , the sulfur content in the 12CaO·7Al 2 O 3 phase was strongly influenced by the CaS content in the sample, but it saturated when the CaS content was increased to 4 mass% or more.
Discussion
The solubility of sulfur in liquid CaO-Al 2 O 3 oxide has been previously reported. Hino et al. measured the sulfide capacity (Cs; Eq. (1)) of the system at various temperatures 10, 11) and compared their results to those reported by other researchers. If the ratio of the partial pressure of O 2 and S 2 is fixed, the sulfur content in the oxide can be calculated using Eqs. (2) 18) and (3). 18) For the Al-killed steel, the activity of oxygen can be calculated using Eq. (4). 18 Assuming that the activity of aluminum is 0.05 or 0.025 and that of sulfur is 0.005 or 0.0025, the equilibrium sulfur content in the molten oxide was calculated and the results shown in Fig. 9 . In this calculation, the sulfide capacity at 1 823, 1 873, and 1 923 K, the measured values were used and those at 1 723 and 1 773 K were estimated using the temperature dependence obtained from the Arrhenius equation. The activity of aluminum and sulfur in molten steel are 0.05 and 0.005 for case 1; 0.025 and 0.005 for case 2; and 0.05 and 0.0025 for case 3, respectively. Considering the normal grade of Al killed steel, the activity of Al was assumed as 0.0025 and 0.05. In the case to suppress the formation of CaS, desulfurization is generally conducted in the secondary refining. Therefore, the activity of sulfur was assumed as 0.005 and 0.0025. From Fig. 9 , the sulfur content depends on the activities of aluminum and sulfur, but the observed sulfur content in the 12CaO·7Al 2 O 3 phase in the solid oxide is larger than that in the molten oxide of the sample with identical composition. The 12CaO·7Al 2 O 3 phase is known to be an electrically conductive oxide ceramic. [19] [20] [21] Its crystal has a unique subnanoporous structure composed of 12 positively charged cages, including two free oxygen ions which maintain electrical neutrality. The free oxygen ions can be exchanged with an anion, X (i.e. fluorine or chlorine), according to the following reactions: From the mass balance calculations, if all free oxygen sites are replaced by sulfur ions, the sulfur content would increase to 2.28 mass%. Therefore, the observed sulfur content in this study is reasonable.
To suppress the formation of CaS from the inclusion of calcium-aluminate, the phase ratio of 12CaO·7Al 2 O 3 in the solid state is an important factor to consider. Because when the mass ratio of this oxide to solid steel is enough large, sulfur can be dissolved in this oxide and the formation of CaS can be suppressed.
Conclusions
The sulfur content in the CaS-saturated CaO-Al 2 O 3 system was measured and the results can be summarized as follows:
(1) In the Al 2 O 3 -rich oxide, CaO·Al 2 O 3 , 12CaO·7Al 2 O 3 , and CaS phases were observed, whereas the dominant phases in the CaO-rich oxide were 12CaO·7Al 2 O 3 , 3CaO·Al 2 O 3 , and CaS.
(2) Sulfur was dissolved only in 12CaO·7Al 2 O 3 at approximately 1.2 mass% while the sulfur content in the other oxides was very low.
(3) The sulfur content in 12CaO·7Al 2 O 3 was independent of the heating temperature and was higher than that in the liquid oxide of the same composition.
Based on the experimental results, it is clear that 12CaO·7Al 2 O 3 can dissolve sulfur in the solid state, preventing CaS formation.
